1. Introduction {#sec1}
===============

Melatonin (N-acetyl-5-methoxytryptamine) is a neuroendocrine hormone produced primarily by the pineal gland in the brain through the tryptophan metabolic pathway with the immediate precursor, serotonin ([@bib23]). Melatonin structure is composed of an indole ring with an alkyl amide side chain and a methoxy side chain on a benzene ring ([@bib17]) as a potent free-radical scavenger which also stimulates activity of the antioxidant enzymes and has an influence on the immune system ([@bib21]), Melatonin can inhibit sleep disorders such as insomnia ([@bib23]; [@bib33]). Furthermore, melatonin is an effective antioxidant as an inhibitor for the treatment of some cancer cells with beneficial effects in neural disorders ([@bib14]). Therefore, melatonin may have an important clinical role in many disorders.

The melatonin level in humans declines with age and lifestyle ([@bib8]). However, several researchers have reported higher circulating melatonin levels in humans through an increase in dietary melatonin from several external sources ([@bib11]; [@bib15]; [@bib25]; [@bib28]). Melatonin is also present in different parts of plants including the flowers, roots, leaves, fruits, and seeds. Typical ranges of melatonin concentration in plants vary from picograms to micrograms per gram ([@bib3]; [@bib6]; [@bib26]; [@bib28]). Consequently, natural sources of melatonin in plants have attracted increased research interest in the context of human diets ([@bib13]; bib_citation_to_be_resolved[@bib18]; [@bib26]; [@bib27]; [@bib29]; [@bib30]). Many studies have reviewed methods of extraction and analysis of melatonin as well as its biosynthetic pathway, distribution, and functions in different plant sources. However, some aspects such as melatonin stability are only briefly addressed in previous studies. Process and storage conditions including light, pH, temperature, air and storage time are all considered to be key factors of melatonin degradation in products and solutions ([@bib10]). Appropriate control of these factors and conditions during extraction, separation, purification, processing, and storage are crucial for the stability of melatonin molecules.

Accordingly, more information is required to investigate melatonin stability under the influence of varied pH, temperatures and light using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Data obtained could be used as guidelines to develop a processing method and predict the remaining concentration of melatonin during thermal processing of melatonin-rich food products.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

All solvents and reagents used were of analytical grade or higher. Melatonin standard was purchased from Sigma-Aldrich Chemical Corporation (St. Louis, MO, USA). Five juices including apple juice, lychee juice, guava juice, tomato juice, and orange juice were purchased from a local supermarket. Solvents used included HPLC-grade acetonitrile and methanol (VWR Scientific, Mississauga, Canada). Analytical-reagent grade formic acid, NaOH and HCl were purchased from BDH Chemicals (Poole, UK). HPLC grade water was prepared by reverse osmosis with purification through a Barnstead™ Pacific TII Water Purification System and filtered through a 0.22 μm membrane filter (Whatman, USA) before use.

2.2. Preparation of melatonin standard solutions {#sec2.2}
------------------------------------------------

A standard stock solution of melatonin was prepared by dissolving 0.001 g of melatonin standard in 10 ml methanol (final concentration: 100 μg/ml) ([@bib32]). This was then diluted to ten different concentrations from 0.002--1 μg/ml for calibration purposes. All standard stock solutions were freshly prepared before analysis.

2.3. Influence of pH on melatonin stability in solution {#sec2.3}
-------------------------------------------------------

Melatonin solutions were prepared as a previous study ([@bib5]), with slight modifications. One milliliter of standard stock solution of melatonin (0.1 μg/ml) was added in 100 ml phosphate buffer solutions (final concentration: 0.001 μg/ml) at pH 1, 4, 7, 10 and 13 and adjusted by 0.1 M HCl and 0.1 M NaOH. Ten milliliter aliquots of melatonin solution were placed in 20 ml amber glass bottles with screw cap to minimize the amount of light and stored at room temperature for 28 days. Each solution was randomly taken out every 7 days (7, 14, 21, 28 days) at the same time and assayed for melatonin concentration. An aliquot of each sample was taken up in a syringe and filtered through a 0.22 μm nylon syringe filter (Whatman plc) and the filtered solution was injected into a liquid chromatography-tandem mass spectrometry system to determine melatonin concentration.

2.4. Influence of process temperature on melatonin stability in solution {#sec2.4}
------------------------------------------------------------------------

To study the effect of temperature, 1 ml standard stock solution of melatonin (1 μg/ml) was dissolved in 100 ml phosphate buffer solution pH 1 (final concentration: 0.01 μg/ml). Hydrochloric solution was used to adjust the pH value of the aqueous solutions. Ten milliliter aliquots of melatonin solutions were placed in 20 ml amber glass bottles with screw cap to minimize the amount of light and the bottles were placed in a thermoelectric water bath at the desired temperature (60, 70, 80 and 90 °C). At regular intervals (6, 9, and 12 h), samples were removed from the hot water bath and immediately transferred to an ice water bath to prevent further degradation. All sets of samples were taken up in a syringe and filtered through a 0.22 μm nylon syringe filter (Whatman plc) and the filtered solutions were injected into a liquid chromatography-tandem mass spectrometry system to determine melatonin concentration.

2.5. Stability of melatonin in fruit juices {#sec2.5}
-------------------------------------------

The pH of fruit juices was measured using a pH meter before the study. The stability of melatonin in fruit juices was conducted according to the procedure as indicated in 2.4. Ten milliliters of the juices (apple juice, lychee juice, guava juice, tomato juice, and orange juice) were added with 0.1 ml of melatonin standard (1 mg/ml) where the final concentrations were 10 μg/ml. Then, the prepared juices were placed in 20 ml amber glass bottles which stored in a refrigerator (4 °C) and room temperature (with the presence of light and without light) for 14 days. Each juice sample was randomly taken out every 7 days (7, and 14 days) and used for melatonin determination using a liquid chromatography-tandem mass spectrometry system.

2.6. Liquid chromatography-tandem mass spectrometry analysis (LC-MS/MS) of melatonin {#sec2.6}
------------------------------------------------------------------------------------

The concentration of melatonin was measured using LC-MS/MS performed on a Shimadzu 8030 system (Shimadzu Corporation, Kyoto, Japan) coupled with an MS/MS system consisting of a triple quadrupole mass spectrometer. LC solution software was used for instrument control and data acquisition. Melatonin was detected and quantified with electrospray ionization (ESI), operated in positive ion mode by monitoring the transition of the protonated molecular ions of melatonin 233.15 u to the production 174 u in ESI.

Melatonin was separated following the method reported by [@bib4] with an InertSustain® C18 HPLC column 150 × 2.1 mm, 3.5 μm (GL Science Inc., Tokyo, Japan). Mobile phase A was constituted using 0.45% formic acid (HCOOH) in water (H~2~O) and mobile phase B was acetonitrile (CH~3~CN). After filtration through a 0.22 μm membrane filter (Whatman plc) and sonification for at least 15 min, the degassed mobile phase was pumped through the column. The gradient pump program was 0.45% formic acid: acetonitrile (0--5 min, 80:20% (v/v); 5--6 min, 50:50% to 0:100% (v/v); 6--9 min, 0:100% (v/v), and 9--10 min, 80:20% (v/v)). The compounds were eluted from the column with 0.25 ml/min for a total flow time of 10 min.

Quantification of melatonin was determined by comparing the retention time. The recorded chromatograms and peak areas were used to calculate the melatonin concentration against the calibration curve of external standards. All experiments were triplicated and values were expressed as mean ± SD.

2.7. Calculations for melatonin remaining {#sec2.7}
-----------------------------------------

The remaining concentration of melatonin (C~R~ value) was expressed as [Eq. (1)](#fd1){ref-type="disp-formula"}.$$C_{R}\left( \% \right) = \frac{C_{t}}{C_{0}} \times 100$$where *C*~*t*~ is the melatonin concentration at time t, and *C*~0~ is the initial concentration of melatonin.

2.8. Mathematical model for thermal degradation kinetics {#sec2.8}
--------------------------------------------------------

Thermal degradation of melatonin in solution was confirmed to follow first-order kinetics with a coefficient of determination, while the degradation rate constant of melatonin was calculated using [Eq. (2)](#fd2){ref-type="disp-formula"}.$$C_{t} = C_{0}\ \exp\left( {kt} \right)$$where *C*~*t*~ is the melatonin concentration at time *t*, *C*~0~ is the initial concentration of melatonin, and *k* is the first-order rate constant (hours^−1^).

Half-life values ($t_{1/2}$, the amount of time required for a quantity to decrease to half of its initial value) of melatonin degradation were calculated according to [Eq. (3)](#fd3){ref-type="disp-formula"}.$$t_{1/2} = - ln{0.5/k}$$

2.9. Statistical analysis {#sec2.9}
-------------------------

A linear regression model was utilized to describe melatonin stability using the coefficient of determination (R^2^), degradation rate constant (*k*), and half-life values (*t*~1/2~). Results obtained from triplicate experiments were analyzed using analysis of variance (ANOVA) with a confidence level of 95% (P \< 0.05) to assess statistical significance.

3. Results and discussion {#sec3}
=========================

Temperature, pH, light and storage time are considered to be key degradation factors. Thus, this study focused on investigating the stability of melatonin in solutions and juices with the presence of light, different pH levels, and thermal degradation kinetics. The concentration of melatonin was measured using liquid chromatography-tandem mass spectrometry analysis (LC-MS/MS). The conditions applied for LC-MS/MS study included protonated molecular ions (parent ions) monitored at 233 m/z. The production scan spectra showed a high abundance of fragment ion (daughter ion) at m/z 174.0 using electrospray ionization (ESI) ([@bib4]). Therefore, multiple reaction monitoring (MRM) using transition at m/z 233.15 to 174.0 was used to quantify melatonin. The retention time of melatonin was 6.398 ± 0.029 min. A melatonin standard curve with a high coefficient of determination (r^2^ = 0.9996) was obtained (data not shown).

3.1. Influence of pH on melatonin stability in solutions {#sec3.1}
--------------------------------------------------------

To evaluate the effect of pH on the stability of melatonin, results were compared to the concentration of melatonin in aqueous solutions with pH values of 1, 4, 7, 10, and 13 as illustrated in [Figure 1](#fig1){ref-type="fig"}. Melatonin content in all pH solutions decreased with increasing storage time, and degradation of melatonin in pH solutions demonstrated two rates. A slower degradation rate was observed in solution pH 1 during storage. The remaining melatonin (C~R~ value) was 65% compared with the initial concentration which reduced from 567.83 to 374.58 pg/ml after storage for 28 days ([Table 1](#tbl1){ref-type="table"}). On the other hand, melatonin solutions pH 4, 7, 10 and 13 showed a dramatic rate of degradation after storage for 21 days and the rate further increased until day 28 with the C~R~ values of 0--4%. The highest acidic solution (pH 1.0) showed higher melatonin remaining content than the other solutions, indicating that melatonin was more stable at lower pH and its stability decreased with rising pH. This may be due to the deprotonation of amide functional groups of the indole group in the melatonin structure to an aqueous solution ([@bib35]), relative to the acidity constant values, (pK~a~). A lower pK~a~ value indicates a greater ability to donate a proton to a base in aqueous solution ([@bib12]). These findings were in agreement with observations by [@bib1] who found that melatonin was rapidly degraded at pH 9.0 by photodegradation while the degradation rate decreased at lower solution pH owing to oxidation of the indole ring to give a formyl amine group. Similarly, melatonin structure was shown to be stable in acidic environments but unstable at basic or neutral pH ([@bib2]; [@bib19]). By contrast, [@bib5] studied melatonin stability in solutions over a pH range of 1.2--12 and reported that pH did not play a significant role in melatonin stability.Figure 1Degradation of melatonin in solution with different pH levels during storage for 28 days at room temperature.Figure 1Table 1Concentrations of melatonin in varied pH solution.Table 1pHMelatonin concentration (pg/ml)Day 0Day 7Day 14Day 21Day 281567.83 ± 39.18^a^430.72 ± 14.36^a^414.66 ± 47.25^a^394.59 ± 6.08^a^374.58 ± 17.34^a^4295.23 ± 14.16^bc^251.68 ± 29.5^b^129.99 ± 36^b^17.13 ± 3.24^c^ND7235.98 ± 40.9^c^114.51 ± 38.51^c^26.75 ± 2.31^c^6.75 ± 0.04^d^ND10299.59 ± 38.29^bc^173.46 ± 48.64^c^90.49 ± 46.09^bc^12.66 ± 3.36^cd^6.32 ± 0.167^bc^13339.59 ± 30.07^b^149.97 ± 13.63^c^65.57 ± 7.77^bc^32.32 ± 6.34^b^16.32 ± 5.49^b^[^1][^2][^3]

3.2. Influence of process temperature on melatonin stability in solutions {#sec3.2}
-------------------------------------------------------------------------

The above results revealed that melatonin was more stable in a lower pH solution. Consequently, we chose the pH 1 solution to evaluate the melatonin stability for 12 h with four different temperatures (60, 70, 80 and 90 °C). Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to trace the melatonin content throughout the study. Results showed a continuous decrease in melatonin content with time for all temperatures studied.

However, at six hours of incubation, melatonin content significantly decreased (P \< 0.05) at different temperatures. The incubation of melatonin solution at 60 °C for 12 h revealed relative stability when compared with the other temperatures ([Figure 2](#fig2){ref-type="fig"}). The C~R~ value of melatonin in solutions at 60 °C after 6 h was approximately 85% of the initial value, whereas at 70 °C, 80 °C and 90 °C, C~R~ values decreased to approximately 64%, 52%, and 37% respectively. After incubating for twelve hours, [Table 2](#tbl2){ref-type="table"} showed that solutions kept at 60 °C retained melatonin concentration 6.7 pg/ml of melatonin, about eight times more than at 90 °C (0.80 pg/ml of melatonin). These results indicated that melatonin concentration decreased with increasing temperature and time. Similar values were investigated by [@bib9] who found that concentration of melatonin standard stored at four different temperatures (-32, 4, 25 and 50 °C) under exposure to light for 15 days showed high degradation at up to 16%, 17%, 22%, and 22%, respectively. Moreover, concentration of melatonin in solutions kept at room temperature (25 °C) under exposure to light and air significantly decreased to 43% ([@bib22]; [@bib9]). Therefore, temperature might not be the most important variable for melatonin degradation. Air was determined as a critical variable related to melatonin stability, and exposure to air plus light increased melatonin degradation. This finding concurred with [@bib35] who found that melatonin in acidic pH solution was stable when protected from the environment but the solution became unstable when exposed to light and oxygen.Figure 2Thermal degradation of melatonin in pH1 solution at varied temperature.Figure 2Table 2Concentrations of melatonin at varied temperatures.Table 2Temperature (°C)Melatonin concentration (pg/ml)0 Hours6 Hours9 Hours12 Hours609.21 ± 0.14^a^7.83 ± 0.09^a^7.19 ± 0.64^a^6.7 ± 0.11^a^707.58 ± 2.82^a^4.88 ± 2.25^bc^3.78 ± 1.49^b^3.29 ± 1.61^b^8010.55 ± 2.49^a^5.46 ± 0.95^ab^3.27 ± 1.30^bc^2.63 ± 0.75^b^906.51 ± 2.92^a^2.39 ± 1.15^c^1.62 ± 0.03^c^0.80 ± 0.40^c^[^4][^5]

3.3. Thermal kinetic studies {#sec3.3}
----------------------------

To understand the kinetics of melatonin degradation during heating at 60, 70, 80, and 90 °C, logarithms of melatonin contents were plotted as a function of time ([Figure 3](#fig3){ref-type="fig"}a). The linear relationship in [Figure 3](#fig3){ref-type="fig"}b demonstrated that thermal degradation of melatonin in pH 1 solution followed first-order reaction kinetics with a high range of the coefficient of determination (0.9744 \< R^2^ \< 0.995). The equation well described the degradation of melatonin in pH 1 solution over the entire temperature range. Although no previous research related to thermal degradation kinetics of melatonin was available, our results agreed with degradation studies of melatonin under different oxidation conditions such as UV, UV/H~2~O~2~, Fe^2+^/H~2~O~2~, and UV/H~2~O~2~/Fe^2+^. All these conditions followed first-order reaction kinetics ([@bib34]). The photodegradation process (250, 350, 450 and 550 W/m^2^) of melatonin solutions was also well fitted by a first-order reaction ([@bib7]; [@bib20]).Figure 3Degradation of melatonin in solution (pH1) during heating at 60, 70, 80, and 90 °C (a), and Arrhenius degradation plots (b).Figure 3

This kinetic type was expressed by the Eqs. [(4)](#fd4){ref-type="disp-formula"} and [(5)](#fd5){ref-type="disp-formula"}:$$C_{t} = C_{0}\ \exp\left( {kt} \right)$$$$t_{1/2} = - ln{0.5/k}$$where *C*~0~ is initial melatonin content and *C*~*t*~ is melatonin content after heating time *t* (hours) at the given temperature, and *k* is the first-order kinetic constant. The Arrhenius equation was used to present the thermal degradation rate constant$$k = k_{0} \times e^{- {E_{a}/{RT}}}$$where *k*~0~ is the frequency factor (per min), *E*~*a*~ is the activation energy (kJ/mol), R is the universal gas constant (8.314 J/mol/K) and *T* is the absolute temperature (in Kelvin, K).

In addition to the coefficient of determination (R^2^), the reaction rate constant (*k*) and half-life value (t~1/2~) as the amount of time required for a quantity to decrease to half of its initial value were also indicators used to predict melatonin degradation ([Table 3](#tbl3){ref-type="table"}). Degradation rate constants were 0.027, 0.082, 0.123 and 0.175 at 60, 70 80 and 90 °C, respectively. In other words, melatonin degradation increased with increasing temperature. The time required for 50% degradation of melatonin at 60 °C was about 6 times longer than that at 90 °C. Thus, temperature had a significant effect on melatonin degradation. The reaction rate usually increases with temperature due to higher kinetic energy of the reactant molecules ([@bib16]). For each temperature increase by 10 °C, the rate of reaction doubles ([@bib12]). Long storage time also increases melatonin degradation. Consequently, temperature and storage time are powerful factors for melatonin degradation.Table 3Kinetic parameters for melatonin degradation in solutions at varied temperatures.Table 3Temperature (°C)*k* (hours ^−1^)*t*~1/2~ (hours)R^2^600.027 ± 0.003^c^25.957 ± 2.875^a^0.9985700.082 ± 0.057^bc^11.068 ± 5.702^b^0.9837800.123 ± 0.031^ab^5.872 ± 1.378^bc^0.9814900.175 ± 0.042^a^4.101 ± 0.876^c^0.9744[^6][^7]

3.4. The stability of melatonin in juices {#sec3.4}
-----------------------------------------

The study of melatonin stability could not be completed without testing a real food sample. Previous results (3.1) suggested that melatonin was more stable at lower pH and its stability decreased with rising pH. Therefore, juices having low pH were selected to investigate the stability of melatonin during storage at different temperatures, with light and without light. Moreover, these juices were divided into two groups. Guava and orange juices were high acid (pH: 4.24 and 4.43, respectively), while low acid juices included tomato, apple, and lychee (pH: 4.68, 4.71 and 4.73, respectively).

Our results ([Figure 4](#fig4){ref-type="fig"}) showed that although the juices had varied pH values, this did not have different effects on melatonin stability. All juice samples showed a gradual decrease in melatonin during storage without light in the refrigerator (4 °C). After storage for 14 days, the melatonin remaining (C~R~ value) in all juice samples ranged from 83.5-94.5%, while melatonin content of samples stored at room temperature decreased, varying from 40 to 68.5%. This may be due to the double reaction with increasing temperature ([@bib12]). This finding concurred with the previous result in pH1 solution which indicated that melatonin degradation rate increased with rising temperature. Nonetheless, lowest melatonin remaining was observed in fruit juice stored in the presence of light at room temperature for 14 days (19.5--29% remaining). These results indicated that temperature plus light had more intensity on the degradation rate than temperature alone. A similar result was reported by [@bib9] who found that melatonin solution stored at 25 °C under exposure to light for 15 days showed degradation at 22%, while the solution kept at the same temperature (25 °C) under exposure to light and air showed higher degradation at 43%. Thus, exposure to both light and air affected the degradation of melatonin.Figure 4Degradation of melatonin in juices (apple juice, lychee juice, guava juice, tomato juice and orange juice) stored in two different temperatures (4 °C and Room temperature) with light and without light for 14 days.Figure 4

4. Conclusions {#sec4}
==============

Our findings demonstrated that pH, temperature, and light significantly affected the stability of melatonin. Melatonin was most stable at pH1 and its concentration decreased with rising pH levels (pH 4--13) during storage time. Thermal degradation kinetics followed the first-order reaction model with a high range of the coefficient of determination (0.9744 \< R^2^ \< 0.995). The k values obtained followed the order: k~90°C~ (0.175) \>k~80°C~ (0.123) \>k~70°C~ (0.082) \>k~60°C~ (0.027). Similarly, half-life value decreased as heating time increased. Temperature and light also affected melatonin degradation in five fruit juices. Our results can be used to develop a method that predicts melatonin degradation during thermal processing of food products.
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[^1]: ND represents an amount that was not detected.

[^2]: Values represent mean ± standard deviation of replicate readings (n = 3).

[^3]: Values with the same letters along the same columns are not significantly different (P \< 0.05).

[^4]: Values represent mean ± standard deviation of replicate readings (n = 3).

[^5]: Values with the same letters along the same columns are not significantly different (P \< 0.05).

[^6]: Values represent mean ± standard deviation of replicate readings (n = 3).

[^7]: Values with the same letters along the same columns are not significantly different (P \< 0.05).
